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The production of soft dileptons in a thermal mesonic medium is discussed in the context of recent CERN 
experimental data reported by the CERES Collaboration. We do not intend to give a general and critical 
review, but instead concentrate mainly on our approach, however, incorporating many of the recent attempts 
in the literature. We calculate the contributions to the dilepton yield arising from pion annihilation and n — p 
scattering. It is shown that thermal dileptons from tt — p scattering give a significant contribution to the low-mass 
yield, however, it can only partly account for the experimentally observed soft dilepton excess seen in S-Au and 
Pb-Au collisions at SPS energy. The out off-equilibrium effects as well as a dropping vector meson mass are 
discussed in the context of the thermal dilepton yield. We emphasize, following the results of Li, Ko, and Brown, 
that, until now, the best way to provide a quantitative explanation of the observed enhancement of low-mass 
dileptons by the CERN experiments is the assumption of a decreasing vector meson mass in a high density 
thermal medium.^ 

" Invited talk presented at the 28th International Conference on High Energy Physics, July 1996, Warszawa, 
Poland. 



1 Introduction 

Electromagnetic radiation has been widely dis- 
cussed as one of the most sensitive signalslaxnobe 
the dynamics of nuclear interactions. Olffla Re- 
cently, three experiments at CERN with S-beam^, 
of 200 GeV/nucleon: CERES m, HELIOS/3 Q 
and NA38 13 - report an enhanced production of 
dileptons with a yield far beyond a mere su- 
perposition of p-p or p- nucleus collisions. Also 
recent measurements by the CERES Collabora- 
tion with Pb-bcams at SPS energy show a sim- 
ilar behaviour of the dilepton rate. The excess 
starts at a mass > 200McV/c^ and persists up 
to the mass of the J/"^. These results have re- 
cently implied very intensive theoretical discus- 
sions in_ctLd£rJ-Q_ij^^ origin of the ex- 
cess. ytEyyayeBEy^N The properties of 
the observed yield, particularly the fact that the 
enhancement starts at M 2m^ might indicate 
that the excess is just due to additional thermal 
dileptons originating from pion annihilation. □ 

The possibility of the creation of hot and 
dense QCD matter in thermal equilibrium in rel- 
ativistic collisions of heavy nuclei at SPS energy 
has already got experimental as well as theoret- 



ical support. In particular, the measured parti- 
cle spectra at CERN experiments with heavy ion 
beams seem to be rather well explained by a ther- 
mal model for particle production. The appear- 
ance of a thermal hadronic medium in heavy ion 
collisions naturally implies the additional source of 
dileptons, absent in p-p or p-A collisions. At SPS 
energy the thermal medium is mostly of mesonic 
origin as the measured charged- pion/proton ratio 
is still of the order of five. Thus, the most rele- 
vant process for dilepton production should be due 
to meson scatterings and decays. The differential 
thermal rate per unit space-time volume d'^x at 
which mesons interacting create e'^e~ pairs of in- 
variant mass M can be obtainedjeither in terms of 
kinetic or thermal field theory. HO 

In heavy ion collisions, the additional compli- 
cation arises as the rate per unit spacetime volume 
is not an experimentally measured distribution. 
Dileptons are produced in an expanding medium, 
thus to compare the theoretical results with the 
experiment one still needs to perform the space- 
time integration. In our following discjjssion we 
apply Bjorken's hydrodynamical modclEj for the 
expansion dynamics. In a mesonic medium pion 
annihilation with rhos and virtual photons in the 
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Figure 1: Thermal diloptons from 7r+7r~ — » e+e~ annihi- 
lation obtained in terms of Bjorkon model in comparison 
with CERES S-Au and Pb-Au data. The dashed line, cal- 
culated by CERES for S-Au, represents the expected di- 
electron yield from all known hadronic sources. 



intermediate state is the basic source of thermal 
e~^e~ pairs. In fig.l we compare thermal dielectron 
yields from pion annihilation with the CERES ex- 
perimental data. Tiie calculation has been done in 
the Bjorken model E3 with the initial temperature 
T - 0.2 GeV as arising from dNch/dy 150 the 
measured yield in central S-Au collisions. The ini- 
tial thermalization time is taken as t; ^ Ifm and 
the freeze-out temperature is considered in fig. 1 as 
a free parameter. The results of fig.l confirm that 
indeed in the vicinity of p-meson peak pion anni- 
hilation together with the hadronic cocktail from 
Dalitz and vectorpmjpson decay is well compati- 
ble with the data.EHlj This, however, requires the 
freezeout temperature in the range between 120- 
140 MeV, where the mean free path of pions is of 
the order of the sulphur radius. 

Recently the CERES Collaboration has mea- 
sured diJepton yields in Pb-Au collisions at SPS 
energy, a The preliminary data averaged over all 
events measured with different dNch/dy show a 
dilepton enhancement by a factor 2.5 ± 0.5 in a 
mass range 0.2 < M < 1.5 GeV. This is a smaller 
excess than previously seen for S-Au collisions. 
Thus, we have additional data to check the valid- 
ity of a thermal model at least near the p-meson 
peak. The comparison of a thermal model with 
Pb-Au experimental data would require, however, 
weighted averages over all events with different 



dN'^'^/dy. For that one would still need to define 
a model describing the dependence of the effec- 
tive initial volume on the impact parameter. In 
order to avoid additional uncertainties we com- 
pare here a thermal model with the CERES data 
corresponding to the highest multiplicity beams 
with < dNch/dy >^ 410. For the most central 
events, the transverse size of the initially created 
fire-cylinder in Pb-Au is assumed to be of the or- 
der of the Au-radius. 

For the isentropic longitudinal expansion the 
temperature To, the initial thermalization time tq 
and transverse size Ra of the initially created fire- 



cylinder in central A-A collisions can 
the final state hadron multiplicity by 
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where Ra ^ \.2A^/^ is the nuclear radius and 
s{Tq) the initial entropy density in the thermal 
medium. 

^^From Eq.l one establishes and compares the 
initial thermal parameters for S-Au and Pb-Au 
collisions. CERES has measured < dN'^^ /dy >~ 
125 and < dN'^^/dy >~ 410 charged particles in 
central collisions in S-Au and Pb-Au, respectively. 
Thus, assuming the same thermalization time for 
S-Au and Pb-Au one derives from Eq.l, 
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This result indicates that the increase of the 
charged particle multiplicity in central Pb-Au 
in comparison to S-Au collisions by factor ~3.3 
is almost entirely described by the increase of 
the initial transverse size of the system since 
(Apb/As)^/^ ~ 3.35. Thus, the temperature of 
the initially created fire-cylinder in S-Au and Pb- 
Au central collisions is the same within a few per- 
cent. Similar initial temperatures imply similar 
results for the dilepton yield normalized to the 
charged particle multiplicity. Thus, in terms of 
a thermal model the dilepton data measured by 
CERES in S-Au and Pb-Au for the most central 
collisions should coincide. In fig.l we see that 
the measured yield by CERES follows the above 
expectations. The results of fig.l show that in- 
deed thermal production could be the source of 
the dilepton excess seen in the CERES experi- 
ment. However, the Born term alone can not 
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Figure 2; Dilepton rate due to tt — p scattering as a function 
of Mat fixed T=150 MeV.'^* The solid curve represents the 
sum of the real and the virtual process. 



explain the characteristic structure and the mag- 
nitude of the excess seen in the data. Similar 
conclusions hfi,Y£-.beeii.-Qbtained in the previous 
studies cII130EjI13'oE30 even when a more com- 
plete model for the expansion dynamics, repro- 
ducing not only the total pion multiplicities but 
also their measured pt and rapidity distributions 
has been applied. This result is as well indepen- 
dent on the assumption made about the nature 
of the initially created thermal fireball, that is, 
whether it is highly excited hadronic matter or a 
quark-gluon plasma. In fig.l we have already seen 
the importance of the pion annihilation process to 
partly understand the dilepton data. In a thermal 
medium, however, this basic reaction is not the 
only one which should be considered. For exam- 
ple the contribution from the two-body reaction 
7r+7r~ — » p7* —>■ pe~^e~ does not have a kinemati- 
cal threshold at 2m.^, and therefore will dominate 
pion annihilation for M imj,. This example in- 
dicates, that a more complete analysis of the low 
mass dilepton spectrunL originating from vr — p in- 
teractions is required. liil 



2 Thermal dileptons from tt p scattering 

The thermal emission rate of heavy photons with 
invariant mass M, energy E and momentum q can 
be obtained from the photon self-energy tensor 



Figure 3: Invariant-mass dielectron spectra measured by 
the CERES Collaboration for the S-Au collisions in com- 
parison with the thermal yield from it — p interactions.^'' 
Dashed-dotted line describes the sum of all contributing 
reactions from tt^ — interactions. The dashed line, cal- 
culated by CERES, represents the expected dielectron yield 
from all known hadronic sources. The full-line is the sum 
of the contributions described by the dashed-dotted and 
dashed curves. The long-dashed curve includes the out of 
equilibrium effects. 



Hui, as follows 
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where n{E) is the Bose distribution function at 
temperature T. The virtual photon self-energy is 
usually approximated by carrying out a loop ex- 
pansion to some finite order. On the one-loop 
level one recovers the exijression for the Born term 
TT+TT" —> J* e~^e~,a which under the Boltz- 
mann approximation and with E^ — q^ + 
reads: 
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where j^Vl is the pion form factor 

^4 



m„ 



(M2-mf )2 + r2m2 



(5) 



The parameters nip = 0.775 GeV, m* = 0.761 
GeV and Tp= 0.118 GeV are chosen to get a rea- 
sonable description ofj-the measured pion electro- 
magnetic form factor. £3 
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Figure 4: Estimate of out of equilibrium effects to tfie dilep- 
ton rate up to Oigj) order at fixed T=150 MeV:^'' solid 
curve corresponds to /i^ = 0, dashed to /x^ = 25, dashed- 
dotted to = 50, and dotted to fi-^ = 100 MeV. 



To go beyond the one-loop approximation and 
to include the contribution due to tt^ -p.ja£.^ scat- 
tering we adopt the effective Lagrangiantil'C^I with 
the rho-meson and electromagnetic fields coupled 
to the pion current. ^From this Lagrangian and 
using the closed-time-path formalism the dilepton 
production-rate has been calculated at the two- 
loop level. There are two types of diagrams con- 
tributing to the thermal dilepton rate from n — p 
interactions. These are the diagrams with real and 
virtual vector mesons. The processes involving 
real p'^'s are due to tttt ~^ p7*, np —> ttj* and 
p — > TTTTj* reactions. The estimate of the result- 
ing thermal rate can be found in Ref.[14]. 

For heavy photon production the virtual con- 
tributions lead to 0{gp) order corrections to the 
Born term. In the limit where nip » T the 
dilepton yield due to pion annihilation including 
strong intHnaction 0{gp) corrections can be esti- 
mated as,tj 
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In fig. 2 we summarize the contributions to the 
thermal dilepton rate originating from n — p scat- 
tering. It is clear that dilcptons with invariant 
masses M < 0.45 GeV are mostly produced due to 
TT — p scattering processes. It is also interesting to 
note that the 0{gp) order corrections to the Born 
term are negative and relatively large. It suggests 



that rcsummations could be required here. 

The result in fig. 2. shows that in a mesonic 
medium dileptons originating form tt — p interac- 
tions have to be necessarily included as they lead 
to substantial modifications of the Born rate. 

Applying Bjorken's model for the space-time 
evolution one can compare then the thermal dilep- 
ton production with the experimentally measured 
yield. In fig. 3 we show the overall thermal dilepton 
rate from n — p interactions including acceptance 
and kinematical cuts of the CERES experiment. 
In fig. 3 one can see that the thermal source for 
diclcctron pairs can only partly account for the 
excess measured by the CERES Collaboration. In 
the model describing dilepton production due to 
TT — p scattering we have not included the possible 
coupling to the Ai axial vector meson. However, 
the role and the contribution of the Ai resonance 
to thermal dilepton yield is extensively discussed 
in Ref. [17,26]. 

2.1 Non-equilibrium effects 

In the previous section discussing thermal dilep- 
tons we assume the free phase space thermal- 
distribution function for all particles. In a high 
density medium, however, the-j^artifip .mopjCrties 
can be substantially modified. BBEZleataS This 
modification could have a dynamical origin, or it 
could as well appear due to non-equilibrium ef- 
fects. In the following we discuss how the chem- 
ical off-equilibriiuiLeffects may influence the soft 
dilepton yields. QS0 

Thermalization of a hadronic medium cre- 
ated in heavy ion collisions should be rather a 
fast process. Recent calculations in kinetic the- 
ory show that only few elastic particle collisions 
are already |-SjQfficient to maintain thermal parti- 
cle spectra. 123 The chemical equilibration, in con- 
trast, could be much slower as it requires a detailed 
balance between different reactions with particle 
number changing processes. The absence of chem- 
ical equilibrium in a pion medium can be effec- 
tively taken into accmmt by modifying the pion 
distribution function l3 



is{E,T) = (A-iexp£;/T-l)- 



(7) 



with = exp(/i7r/T') and /i^ being the pion chem- 
ical potential. Assuming relative equilibrium be- 
tween pions and rho-mesons implies that pp — 
2^^. If the pion fluid were in chemical equilibrium. 
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Figure 5: Dilepton rate at T=150 MeV due to tt — p 
scattering calculated with rup = 0.775 GeV (full-lino) and 
with rrip = 0.5 GeV (dashed-line). 
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Figure 6: Thermal dielectron yields in comparison with S- 
Au data. The full-line as in fig. 3; the dashed-line calculated 
in a simple model for a dropping p-meson mass. 



then naturally /Itt would vanish. The modification 
of the dilepton production rate due to /i^r 7^ can 
be qualitatively verified taking as an example the 
Born term for the pion annihilation process. The 
dilepton production rate due to pion annihilation 
in a non-equilibrium mesonicpncdium may be ob- 
tained in the following formiEJ'EJ 



dN 



dN 



dixdPPi^) 



^ iM,=o X Fh 
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where the equilibrium rate is as in Eq.4 and the 
function Fh reads 



X In 
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wYieie E± ^ \[E ± q{l - ^ _ 

The /i^ is modifying the dilepton rate in Eq.8 
in two different ways; first, due to the factor 
exp(2/z,r/T) the overall thermal production rate is 
enhanced independently on the dilepton kinemat- 
ics. Second, the appearance of the Bose-like term 
in the denominator of Eq.9 enhances the dilepton 
production when E — > 2/i7r. This second feature 
is of particular interest as it leads to an excess of 
soft dileptons just above the 2to^ threshold. 

It is clear that not only pion annihilation but 
all processes involving pions and rho mesons in 
the initial state are modified in an over-saturated 



compared to an equilibrium medium. In partic- 
ular the processes listed in the previous section, 
arising from vr — p scatteiiag are influenced by 
the off-equilibrium effects. llJ Discussing dilepton 
production in a thermal medium requires addi- 
tional care with respect to finite temperature mod- 
ifications. oL-the rho meson mass and/or decay 
width. EZiE3'E2l The previous study of the rho self- 
energy in a mcsonic medium up to the one-loop 
order has shown that in an equilibrium system 
the medium effects on rho properties are rather 
modest. EJ The situation can, however Jihange in 
supersaturated piontj or baryon richlijO matter. 
In the first case, for large values of /i^r and T the 
increase of the rho decay width may be significant 
leading to the suppression of dilepton production 
close to the rho resonance peak. El 

To include non-equilibrium effects in the pro- 
cesses from TT — p scattering, one would just mul- 
tiply naively the rate by a factor of or de- 
pending whether there is a tttt or irp initial state. 
For sufficiently large /x^r the increase of the soft 
part of the dilepton yield due to a non-equilibrium 
chemical potential is then sufficient to explain the 
experimentaLdata. However, a more careful anal- 
ysis shows cj that it is not justified to simply 
multiply the equilibrium emission rate for dilep- 
tons from TT — p scattering by A^ factors. This is 
mostly due to the structure of the (one-loop) self- 
energy correction to the pion propagator which 
in the non-equilibrium medium leads to an ad- 
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ditional pmc/i-sm^wZar EJi^'IScZLtcrm contribut- 
ing to the overall dilepton rate.EJ If the deviation 
from equilibrium distributions is small such that 
(5A = Att — 1 < l_then the pinch- singular term is 
found as follows, Il3 



dNP'' 



«^(gg/47r) 
247r3 



2to3 g^^/{Ane)T 

(10) 

Thus, since this term is negative it reduces the 
naively expected increase of low mass dileptons 
due to a nonzero pion chemical potential. 

In fig. 4 we plot the total rate, including the 
Born term with O^g^) corrections, for the non- 
equilibrium case characterized by different values 
of the pion chemical potential /i^ . We observe that 
the rate is increasing with increasing /i^r. However, 
naively one would expect an increase by a fac- 
tor of A^, whereas the results in fig. 4 show much 
lower enhancements. Changing fi^ from fXj^ = 
to fj.Tr — 100 MeV only an effective increase by 
a factor 2 results in fig. 4, contrary to a factor 4 
expected from A^. This is mostly because of the 
negative contribution of the pinch — singular term 
in Eq.lO. From this we stress the importance of 
taking into account the non-trivial term (Eq.lO), 
which is traced back to the structure of the pion 
propagator. 

In fig. 3 we show the thermal rate (long-dashed 
line) calculated in the longitudinally expanding 
fire-cylinder assuming deviations from chemical 
equilibrium with a value of the chemical potential 
of /ix = 100 MeV. Indeed, we observe an increase 
of the rate below the rho peak. This increase, how- 
ever, is rather modest due to the pinch — singular 
term. In addition, the off-equilibrium distribu- 
tions of pions and rho mesons imply lower initial 
temperature and a shorter lifetime of a thermal 
system. All these effects are the reason of the small 
increase of the low mass yield when going from an 
equilibrium to a non-equilibrium medium. 

2.2 Dropping vector-meson masses 

The modification of the pion and rho meson prop- 
erties by a finite chemical potential although im- 
plies some increase of the low mass dilepton rate 
but still it is not sufficient to explain the data. In 
general, .-all. .the Ji^QtlQls |i;liscussed in literature, un- 
til now,yii3liileyyMN lead to the similar con- 



elusions that the conventional sources for dilep- 
ton production can only partly account for the ex- 
cess measured by the CERES Collaboration. One 
possible explanation of why the conventional ap- 
proach fails may be due to the fact that hadronic 
properties in a high density medium may be mod- 
ified and these effects have to be taken into ac- 
count. Particularly relevant here wmilH he tVip 
modification of the rho meson mass. EIEZIuS'LJ 
The properties of the rho meson in a high den- 
sity medium are, however, theoretically not under 
complete control. The results of lattijCe gauge the- 
ory calculations in quenched QCD as well as 
the calculations based on the effective chiral La- 
grangianEj show that the rho meson mass at fi- 
nite temperature remains almost unchanged. On 
the other hand the results of gauged linear sigma 
models suggest an increase of the rho meson majSa 
with temperature. cB FinaJly, Brown and Rho EZI 
and Adami and Brown cJ have shown that the 
restoration of chiral symmetry implies a decreas- 
ing rho mass in dense matter. In the following we 
assume a decreasing rho meson mass in a medium 
and discuss how this infiuences the dilepton yield. 

In fig. 5 we compare the dilepton rate due 
to TT — p scattering for two different values of 
nip = 0.77 and nip = 0.5 GeV keeping the rho 
decay width unchanged. As expected decreasing 
nip leads to the shift in the position of the reso- 
nance peak, increasing in this way the production 
of low mass dileptons. This is the feature which is 
required to understand the low mass dilepton ex- 
cess. It is also interesting to note that the height 
of the peak at M — nip is a decreasing func- 
tion of mass. This result is entirely due to the 
0{gp) term which as seen in Eq.6 to be strongly 
dependent on the value of nip. This also means 
that assuming a decreasing vector meson mass we 
have to worry about the strong interaction correc- 
tions to the purely electromagnetic pion annihila- 
tion process, e.g. when using the Lagrangian from 
Refs.[14,25]. 

In order to develop a shift in the position of 
the rho meson peak in the dilepton yield, the rho 
meson should stay off-shell a substantial amount of 
time during the evolution of the hadronic medium. 
This can be the case if nip is a slowly varyingiinc- 
tion of temperature and/or baryon density EjlliJ or 
if the system stays sufficiently long close to the chi^ 
ral symmetry restoration phase transition point. tZI 
To illustrate how a dropping rho meson mass mod- 
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Figure 7; Thermal dilepton yield with a dropping p-meson 
mass from Ref. [10] in comparison with the CERES S-Au 
data. 

ifies the yield we adopt a very simple parameteri- 
zation of the T-dependence of mp. We assume that 
up to half of the lifetime of the thermal medium 
the rho meson stays with reduced mass m* ~ 0.5 
GeV and then very quickly recovers its on-shell 
value TOp 0.77 GeV. /,From this simple example, 
one can already see in fig. 6 that a dropping rho 
meson mass may be the source of the structure of 
the rate seen in the CERN experiments. 

The quantitative explanation of the data with 
a dropping vector mesop_mass has been shown first 
by Li, Ko and Brown. E2l In fig. 7 we show the re- 
sults of Ref. [10] obtained in terms of a hadronic 
transport model for expansion dynamics and the 
parameterization of the vector _meson masses de- 
duced from Brown- Rho scaling. l3 The same model 
shows also veix good agreement with HELIOS/3 
dimuon data.Ej A similarly good agreement with 
the CERN dilepton data is obtained in different 
dynamical models for dilepton production in A-A 
collisions^ when assuming dropping vector meson 
masses. EJ Until now including the decrease of vec- 
tor meson masses seems to be the best way to un- 
derstand the properties, shape and excess of low 
mass dilepton yields reported by CERN experi- 
ments. 

3 Outlook and Conclusions 

We have discussed thermal dilepton production in 
a hot mesonic medium in the context of recent 



CERN experimental data by the CERES Collab- 
oration for S-Au and the most central Pb-Au col- 
lisions at SPS energies. The calculation includes 
all production processes due to n — p scattering 
originating from two-loop approximations of the 
virtual photon self-energy. We argue that in an 
equilibrium model tt — p scattering is an important 
source of low mass dileptons. Adding it together 
with the Born term for pion annihilation one can 
partly explain the dilepton excess measured in the 
CERN experiment. Next, the off equilibrium con- 
tributions to the dilepton rate due to a non zero 
pion chemical potential have been found to imply 
only a modest modification of the dilepton pro- 
duction. This is mostly due to the structure of 
the non-equilibrium pion propagator. Finally, the 
modification of dilepton yields due to in medium 
effects on vector meson properties is discussed. We 
emphasize that a dropping rho meson mass is the 
best way, until now, to provide a quantitative ex- 
planation of the recently observed low mass di- 
electron enhancement in S-Au and Pb-Au colli- 
sions. The concept of a dropping vector meson 
mass should be, however, cross checked with the 
upper limit of direct photon yields measured, in S- 
Au collisions by the WA80 Collaboration. cJ It is 
not excluded that the thermal photon yields calcu- 
lated with a dropping rho meson mass may over- 
whelm the experimental upper limit. Additional 
attention should be given to the higher 0{gj,) cor- 
rections to the TT+TT" e+e~ annihilation pro- 
cess. We estimate that the 0{gp) term is negative 
and thus reduces the Born term. This reduction 
of the dilepton yield is particularly important in 
case of a dropping rho resonance mass. 
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